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WATER RESOURCES OF LOWER COLORADO RIVER-SALTON SEA AREA

LOWER COLORADO RIVER WATER SUPPLY—ITS MAGNITUDE AND DISTRIBUTION

By Awren G. Hrry

ABSTRACT

The water supply in the lower Colorado River depends almost
entirely on (a) the virgin flow at compact point (Lee Ferry),
near Lees Ferry, Ariz., (b) the depletion of that flow caused by
storage above compact point and use of water in the upper
Colorado River service area, and (c) the provisions of the
Colorado River Compact for release of water to the lower
river.

The computed average annual virgin flow at compact point
for the 71 water years 1896-1966 is 14,900,000 acre-feet, but
for the 34 years, 1931-64, it is only 12,900,000 acre-feet. During
the decade 1953-62 the virgin flow was depleted about 2 mil-
lion acre-feet per year by diversion and use in the upper service
area. These depletions increased sharply after 1962 and probably
will continue to increase for many years.

Probability and storage analyses indicate that the water supply
derived from the Colorado River system above compact point
to meet all demands for depletion above that point and release to
the lower river can be sustained at about 13 million acre-feet,
and that 14 million acre-feet will be available most of the time.

The division of this gross supply between the upper and lower
service areas depends in part on the exXistence of facilities to
enable use of the water in the upper service area and on pro-
visions of the Colorado River Compact. The actual flow at com-
pact point probably will exceed compact requirements most of
the time until the upper service area’s development of water
supplies progresses considerably and also during subsequent
periods of abundant runoff.

Below compact point, the losses associated with storage and
transport of water exceed the inflow from tributaries. Lake
Mead provides storage capacity for regulation of the flow that
cannot be regulated above compact point, and appropriate use
of this capacity can increase the total usable supply below
Lake Mead. However, if maximum feasible use is made of the
capacity above compact point, storage in Lake Mead can con-
tribute little if any to the dependable supply below the lake be-
cause of the large evaporation losses associated with long-term
storage.

The annual depletion of the Colorado River caused by use in
Arizona of water from the main stem increased from less than
200,000 acre-feet in 1915 to about 1,100,000 acre-feet in 1960.
Corresponding depletions caused by use of water in California
were 1,800,000 acre-feet and 4,900,000 acre-feet. In the same years

the principal diversions to Mexico (via the Alamo Canal) were
240,000 acre-feet and 1,800,000 acre-feet, respectively. As a
result of such increases in water use and the predominately be-
low average runoff since 1930, flow into the Gulf of California
has diminished to negligible quantities in recent years. Future
distribution of the available water supply in accordance with the
U.S. Supreme Court decree of 1964 will permit a large increase in
the amount of Colorado River water used in Arizona and will
require a decrease in the amount used in California, at least
during periods of below-average runoff.

The beneficial use of water below compact point is accom-
panied by Idrge losses, some avoidable and some unavoidable.
Evaporation from the Colorado River and from reservoirs con-
sumes more than a million acre-feet per year, and nearly worth-
less native vegetation consumes more than half a million acre-
feet. Seepage from large canals between Imperial Dam and the
areas served amounts to about half a million acre-feet, some of
which is being recovered or is recoverable. Considerably more
than a million acre-feet per year drains to the Salton Sea. Al-
though drainage is necessary to maintain productivity of the
land and is also essential to the continued existence of the sea,
much of this water can be considered a loss from the standpoint
of irrigation. Annual deliveries of water to Mexico during 1961-
63 exceeded treaty requirements by about 400,000 acre-feet, which
can be considered a loss to the United States.

With no new importation of water to the lower Colorado
River and with natural water yields similar to those of 1931-64,
any new diversions from the river will depend chiefly on redis-
tribution of the available supply among the States and on more
effective use of that supply. The increased effectiveness can be
achieved by such means as channel improvement and canal
lining ; eradication of worthless or low-value vegetation; in-
creased use of holdover surface storage for water-supply rather
than power needs; more precise deliveries of water to irrigation
districts and Mexico; and controlled withdrawals of ground
water from aquifers near the river to utilize their storage capac-
ity, reduce evapotranspiration losses, and provide adequate
drainage of fields.

The basic allotments of water from the upper Colorado
River system and the lower river by compact and treaty amount
to 16,500,000 acre-feet. If these basic allotments do not include
unavoidable losses from the river and reservoirs below com-
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pact point, the total water supply required for their fulfill-
ment is more than 17,500,000 acre-feet. This potential require-
ment exceeds the 34-year (1931-64) mean virgin flow by 4,600,000
acre-feet.

INTRODUCTION

The Colorado River basin includes about 243,000
square miles in Arizona, California, Colorado, Nevada,
New Mexico, Utah, and Wyoming in the United States
and more than 1,000 square miles in Baja California and
Sonora, Mexico. As most of the drainage basin is arid or
semiarid, the flow of the river is small relative to its
drainage area and is insufficient to meet the potential
demand for water in the service area, which includes
large areas outside the drainage basin but within the
same States. Competition for rights to use water from
the Colorado River system has resulted in an inter-
national treaty, interstate compacts, legislation at both
State and nationa] levels, delay in planning and con-
struction of water utilization projects, and seemingly
endless conflict and litigation.

The Colorado River basin is so extensive and its
hydrologic characteristics are so diverse that investiga-
tions and appraisals of the water resources for certain
parts of the basin or its service area are most conveni-
ently made separately, even though the interrelations be-
tween the parts must be recognized. This investigation
and appraisal concern most of the area for which the
lower Colorado River has been the principal source
of water supply but includes only a part of the “Lower
Basin” as defined in the Colorado River Compact.

As defined by drainage boundaries, the report area
consists of the Salton Sea basin and the natural drain-
age area of the Colorado River below Davis Dam, Ariz.-
Nev., excluding the Bill Williams River basin above the
gaging station near Alamo, Ariz., the Gila River basin
above the Wellton-Mohawk Irrigation and Drainage
District, and the drainage area of San Cristobal Wash
(a desert wash that enters the Gila River from the south
just below the upper end of the irrigation district). The
investigation extended into Mexico only as far as neces-
sary to delineate the hydrologic problems and relation-
ships near the international boundary. For reasons to
be explained, the investigation included the main stem
of the Colorado River up to compact point, Ariz. Figure
1 shows the relation of the 25,000-square mile report
area to the entire basin and its surroundings.

This report is one of a series that constitutes an ap-
praisal of the water resources of the area described. It
concerns waters of the lower Colorado River and their
disposition, which is largely by diversion for irrigation.
Ground water related to the river or to irrigation with
river water and the quality of the water are discussed
herein only as required for a comprehensive description
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of the river. Separate reports on these topics are in prep-
aration. Use of water for the generation of hydroelectric
power and for recreation is given only incidental con-
sideration because these uses have very little effect on
the supply of water available for irrigation, municipal,
and industrial uses. Although power generation has
been a major factor in the economic feasibility of major
river-development projects and recreational use of
reservoirs and several reaches of river channel has be-
come a major factor in the economy of the region, the
Colorado River Compact established higher prior-
ities for irrigation, municipal, and industrial uses.

The investigation and appraisal were made under the
general supervision of C. C. McDonald, project hydrol-
ogist. Many organizations furnished records or cooper-
ated with the Geological Survey in gathering the
streamflow data used in this report. Most of the records
used are contained in the annua] series of reports and
in compilation reports by the U.S. Geological Survey
(1954, 1964), and the details of such cooperation are
contained therein. The U.S. Bureau of Reclamation
furnished additional records of water distribution and
return flows near Yuma, Ariz.; the United States Sec-
tion of The International Boundary and Water Com-
mission furnished records of flow at the boundary; the
Imperial Irrigation District furnished records for Im-
perial Valley, Calif., including the All-American Canal
below Pilot Knob and part of the Coachella Canal, and
also for the Alamo Canal in Baja California; the Coa-
chella Valley County Water District furnished records
for Coachella Valley, Calif.; and the Upper Colorado
River Commission furnished estimates of virgin flow
at compact point, Ariz.

THE LOWER COLORADO RIVER AND ENVIRONS

A legal division of the Colorado River service area
into an “Upper Basin” and a “Lower Basin” was made
by terms of the Colorado River Compact at a point on
the Colorado River 1 mile downstream from the Paria
River, 17 miles downstream from Glen Canyon Dam,
and 29 miles downstream from the Arizona-Utah
boundary. Although the compact refers to this point as
Lee Ferry, this and many other Geological Survey re-
ports refer to it as compact point to avoid confusion
with stream-gaging stations that are above the con-
fluence of the two rivers and that are named for the
community of Lees Ferry at the confluence.

The features of the Colorado River system above
Davis Dam that are most significant in this study are
shown in figure 1. The major features below Davis Dam
and the principal tracts in the report area that use
Colorado River water are shown in figures 2—4.
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The Colorado River flows in deep, rugged canyons
(including the famous Grand Canyon) in nearly all
the 422-mile reach from compact point to Davis Dam.
The only diversions from this reach are made by pump-
ing from Lake Mead to the Boulder City-Henderson-
Las Vegas area in southern Nevada.

Minor canyons alternate with fertile valleys between
Davis Dam and the river’s delta, which is a vast arable
plain. Although this is one of the most arid parts of
the United States, agriculture made possible by irriga-
tion with Colorado River water is the mainstay of the
area’s economy. The productivity of the land is en-

hanced by a growing season that is practically continu-
ous although frost occurs occasionally in most winters.
Semitropical plants, such as citrus trees and date palms,
are grown in parts of the area. A summary of the irri-
gated acreage in the principal tracts is given in “Ap-
pendix” (table 12).

About 6 miles below Davis Dam the Colorado River
enters Mohave Valley, through which it flows 40 miles
to Topock, Ariz. Most of the valley is within Arizona,
and much of it is within the Fort Mohave Indian Res-
ervation. Needles, Calif., at the western edge of the
valley, is its principal city. A land inventory in 1962
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by the U.S. Bureau of Reclamation (1963) indicated
a total flood-plain area of 50,900 acres. Native vegeta-
tion, chiefly phreatophytes (plants that depend on shal-
low ground water), covered 47,600 acres. Only 3,050
acres were irrigated, although 15,700 acres were con-
sidered arable.

.The 58-mile reach below Mohave Valley includes
minor canyons and Chemehuevi Valley, which is now
largely covered by Lake Havasu. A new town on the
shore of the lake, Lake Havasu City, Ariz., was started
In 1964 to provide a setting for light industry and
recreation.

The next major valley (referred to in some early
reports as the Great Colorado Valley) is divided into
three sections—Parker, Palo Verde, and Cibola Val-
leys—by meanders of the river. The principal cities
are Parker, Ariz., at the head of Parker Valley, and
Blythe, Calif., in Palo Verde Valley. Nearly all of
Parker Valley is within the Colorado River Indian
Reservation. The valley includes about 110,000 acres of
flood plain, 31,700 acres of which were irrigated in 1962
and most of the remainder was covered by
phreatophytes. Additional land is being cleared and pre-
pared for irrigation. Almost all of Palo Verde Valley
and a small area on the adjoining mesa, a total of more
than 80,000 acres, are irrigated. Phreatophytes cover mi-
nor areas along the river and along some drainage chan-
nels. During 1962, about 6,000 acres in Cibola Valley
were irrigated with water pumped from the river or
from wells near the river (U.S. Bureau of Reclamation,
1963), and more than 12,000 acres were covered by
phreatophytes.

Below Cibola Valley the Colorado River flows about
43 miles through a minor canyon, most of which is
within the Imperial Wildlife Refuge. It contains numer-
ous small lakes and a few thousand acres of
phreatophytes.

The river emerges from the mountains at Laguna
Dam, 14 miles upstream from Yuma, Ariz. A few miles
farther south the flood plains of the Colorado and Gila
Rivers merge. Below Yuma the flood plain widens and
merges with the delta, which extends westward into the
Salton Sea basin and southward to the Gulf of
California.

The area between the mountains and the international
boundary, called the Yuma area in this report, is divided
into several parts by geographic features. On the Ari-
zona side of the Colorado River the flood plain between
the mountains and Yuma is divided by the Gila. River
into North and South Gila Valleys. Yuma. Valley ex-
tends from Yuma to the southerly international (Ari-
zona-Sonora) boundary and is separated from South

D7

Gila Valley by Yuma Mesa, a terrace that is generally
70-80 feet higher than the adjacent valleys. The flood
plain on the California side of the river includes the
irrigable lands of the Yuma Indian Reservation, about
an equal amount of non-Indian land, and the small
towns of Bard and Winterhaven. The principal city
within this area is Yuma, Ariz. San Luis, Sonora, is
just south of the southerly international boundary at
the lower end of Yuma Valley. Nearly 100,000 acres,
including most of the flood plains and part of the Yuma
Mesa, are irrigated; phreatophytes occupy an addi-
tional 13,000 acres. A small area in Sonora, south of
San Luis along the east bank of the river, is irrigated
by return flow from Yuma Valley and by pumping
from the river or from wells.

About 12 miles east of Yuma at a narrow gap between
the Gila and Laguna Mountains, the lower Gila River
valley joins the common valley of the Gila and Colorado
Rivers. Colorado River water has been diverted by
pumping since 1952 to serve the Wellton-Mohawk area,
which extends about 50 miles along the Gila River
from the gap to a point a few miles east of the Mohawk
Mountains. The Wellton-Mohawk Irrigation and Drain-
age District contains about 75,000 acres of irrigable
land, and since 1959 the irrigated acreage has exceeded
50,000. Several thousand acres are covered with
phreatophytes.

The delta of the Colorado River extends across the
long structural trough that contains the Gulf of Califor-
nia and the Salton Sea, which is more than 230 feet
below mean sea level. The delta has gradually risen to
about 40 feet above mean sea level, forming a divide
which prevents waters of the gulf from reaching the
Salton Sea basin. Levees along the north side of the
river and the numerous storage reservoirs in the Colo-
rado River basin now prevent any uncontrolled flow of
Colorado River water into the Salton Sea basin. How-
ever, a large part of the delta and other areas in the
Salton Sea basin are irrigable by gravity diversion from
the river. Drainage from the Salton Sea basin collects
in the Salton Sea and is dissipated by evaporation.

The area between the Salton Sea and the international
boundary, known as Imperial Valley, consists of a cen-
tral part underlain by fine sediments and a terrace at
each side (East Mesa and West Mesa) underlain by
coarser sediments. The central part includes nearly half
a million acres of irrigated land, the principal cities of
El Centro and Brawley, and half a dozen smaller towns.

The area south of the international boundary is an
extension of Imperial Valley and has sometimes been
included in the area designated by that term. However,
the irrigated part of the delta in Baja California is
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now generally known as Mexicali Valley. The city of
Mexicali, which had an estimated population of about
100,000 in 1964, is the principal city of Baja California
and the largest in the report area. About half a million
acres are irrigated with water from the Colorado River
or from ground-water reservoirs that are recharged
either by irrigation water or by seepage from the river
and canals.

Coachella Valley is a picturesque intermontane valley
northwest of the Salton Sea. The ground-water re-
sources were developed early in this century at many
places in the valley and are still a principal source of
supply for the upper part of the valley. Because of de-
clining water levels, Colorado River water was im-
ported to the lower part of the valley beginning about
1948 and now serves more than 60,000 acres. The prin-
ciple cities are Banning, at the head of the valley in
San Gorgonio Pass; Palm Springs, a resort city in the
upper part of the valley; and Indio, in the lower part
of the valley. More than a dozen smaller towns are scat-
tered throughout the valley.

WATER-CONTROL AND DISTRIBUTION SYSTEMS

A discussion of problems relating to the lower Colo-
rado River necessarily involves many elements of the
water-control and distribution systems. Consequently,
the dams and their associated reservoirs, major canals,
and an aqueduct are briefly described in the following
paragraphs. The locations are indicated in figures 1-4.

All figures of reservoir storage capacity in this report
refer to volumes within surface reservoirs, although
these volumes are supplemented by the ground-water
capacity of large volumes of surrounding materials
within the zone of fluctuation of reservoir levels. The
effects of such supplemental bank storage, however, are
not clearly defined because they vary with the physical
characteristics of the materials and with the rapidity
and magnitude of reservoir fluctuations. Furthermore,
the gradual reduction of the volumes within reservoirs
by the accumulation of sediment tends to offset the gain
from ground-water (bank) storage.

Glen Canyon Dam and Lake Powell—Glen Canyon
Dam, 17 miles upstream from compact point, near Lees
Ferry, Ariz., regulates practically all the natural sur-
face outflow from the drainage area above compact
point. Lake Powell (total usable capacity 25,000,000
acre-ft, of which 20,900,000 acre-ft is generally active)
is the principal reservoir of the Colorado River Storage
Project, which includes five other reservoirs upstream
(existing or authorized as of 1968) with a combined
?,ctive capacity of more than 6,000,000 acre-feet. Storage
in Lake Powell began in 1963; storage in two of the
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other reservoirs began in 1962. The rated capacity of
the powerplant at Glen Canyon Dam is 900,000 kw
(kilowatts).

The primary purpose of regulating the flow at com-
pact point is to enable greater use of water upstream
rather than downstream. During years of very low run-
off after the initial filling of the lake, most of the flow
of headwater streams can be utilized above compact
point and withdrawals from storage can provide for
the releases to the lower river required by the Colorado
River Compact. Without Lake Powell, any substantial
development after 1962 of water supplies for use above
compact point would not have been practicable because
of the obligations to release water to the lower river.

Hoover Dam and Lake Mead.—Hoover Dam, Ariz.-
Nev. (originally known as Boulder Dam) is 353 miles
downstream from compact point and 303 miles upstream
from Imperial Dam. It was the first large river-control
project on the Colorado River, and it made possible
most of the later developments downstream. The river
has been almost completely controlled below the dam
since storage began in 1935.

The usable capacity of Lake Mead for flood control,
irrigation and municipal supply, and power generation
was 28,000,000 acre-feet in 1985 and 27,200,000 acre-feet
in 1949 (Thomas, 1954, table 1). The rated capacity of
the powerplant is 1,344,800 kw. All diversions of Colo-
rado River water to Nevada are made by pumping from
the lake.

Davis Dam and Lake Mohave—Davis Dam, Ariz.-
Nev., is 67 miles downstream from Hoover Dam, near
the head of Mohave Valley. The usable capacity of Lake
Mohave for power generation, for regulation of the
variable flow released at Hoover Dam, and for regula-
tion of flow at the international boundary as required
by a treaty between the United States and Mexico is
1,810,000 acre-feet. Storage began in January 1950. The
powerplant has a rated capacity of 225,000 kw.

COolorado River agqueduct—The water pumped from
Lake Havasu into the Colorado River aqueduct, built
and operated by the Metropolitan Water District of
Southern California, is one of several supplies for the
south coastal basins. The aqueduct was constructed in
two stages, which were completed in 1941 and 1960, re-
spectively. Pumping to reservoirs began in 1939, before
completion of the first stage. The Metropolitan Water
District originally included 11 cities and served
1,600,000 people, but by 1961 it included 91 cities and
served 7,500,000 people (Smith and Brewer, 1961).

Parker Dam and Lake Havasu—Parker Dam,
Ariz.-Calif., is 88 miles downstream from Davis Dam,
just below the Bill Williams River, and 147 miles up-
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stream from Imperial Dam. The usable capacity of
Lake Havasu is 619,400 acre-feet, but, except in emer-
gencies, the capacity available for reregulation of
streamflow is only 180,000 acre-feet because the dam was
built primarily to create a pool from which water could
be pumped to the Colorado River aqueduct. Storage be-
gan in 1938. The rated capacity of the powerplant is
120,000 k.

Headgate Rock Dam.—Headgate Rock Dam, Ariz.-
Calif., 14 miles downstream from Parker Dam, controls
diversions to Parker Valley for the Colorado River
Indian Reservation. The storage capacity of its reser-
voir is negligible. Prior to completion of the dam in
1942, diversions were made by pumping from the river.

Palo Verde Dam.—The diversion to Palo Verde Val-
ley is made at Palo Verde Dam, Ariz.-Calif., 59 miles
downstream from Parker Dam and 89 miles upstream
from Imperial Dam. The dam, completed in Decem-
ber 1957, replaced a rock weir that had been used since
1945. No appreciable storage capacity was associated
with either structure.

Imperial Dam.—Diversions at Imperial Dam, 26
miles upstream from the northerly international (Cali-
fornia-Baja California) boundary, supply the Yuma
and Wellton-Mohawk areas and Imperial and Coachella
Valleys. Also, much of the water scheduled for delivery
to Mexico is diverted here and returned to the river
through the siphon-drop powerplant (near Yuma) or
Pilot Knob powerplant (near the northerly boundary).
Diversions began in 1938, but some areas now served
by diversions made at this point were served until 1954
by diversions made at Laguna Dam, 5 miles down-
stream.

Several days are required for water to travel the
great distances from the regulating reservoirs to Im-
perial Dam (147 miles from Lake Havasu and 236 miles
from Lake Mohave). Because of changes in weather
or other unforeseen circumstances, the need for water
at Imperial Dam sometimes differs from the amounts
released several days earlier on the basis of water orders.
The capacity required for reregulation to avoid water
shortage or waste is not available in the reservoir above
Imperial Dam because of sedimentation and the negligi-
bly small operating range of water levels. A small auxil-
lary reservoir (built in 1965) in Senator Wash, about 2
miles above Imperial Dam, provides 13,400 acre-feet of
storage capacity. Water is pumped to the reservoir, but
part of the power required is recovered by generating
power from the water as it returns to the river.

Gila Gravity Main Canal —The Gila Gravity Main
Canal receives water through a settling basin at the
east end of Imperial Dam and delivers it to the North
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Gila Valley, the Wellton-Mohawk Canal system (which
includes three pumping plants and serves the Wellton-
Mohawk area), the South Gila Valley, and a pumping
plant that lifts water to the Yuma Mesa, all in Arizona.
Diversions began in 1943.

All-American Canal system—Water diverted at the
west end of Imperial Dam passes through desilting
works into the All-American Canal, which serves areas
in both Arizona and California and also supplies water
for the generation of hydroelectric power at several
plants. Diversions began in 1938, but until 1940 the
water was used only for priming the canal.

Several small diversions from both the All-American
Canal and a major branch, the Yuma Main Canal, serve
the California part of the Yuma area. Most of the water
diverted into the Yuma Main Canal passes through the
siphon-drop powerplant. Water for irrigation of Yuma
Valley passes under the Colorado River in an inverted
siphon, and the water not needed in Yuma Valley re-
turns to the river through the Yuma Main Canal (Cali-
fornia) wasteway.

The All-American Canal extends southward along
the west edge of the river valley to Pilot Knob, where
part of the flow returns to the river through Pilot Knob
powerplant and wasteway. The canal then turns west-
ward along the international boundary into the Salton
Sea basin. About 16 miles west of Pilot Knob, water is
diverted into the Coachella Canal to serve the lower part
of Coachella Valley and the remaining water continues
westward to serve Imperial Valley. Hydroelectric
power is generated at several drop structures between
Pilot Knob and Imperial Valley.

Laguna Dam.—Prior to construction of Imperial
Dam, all diversions to the Yuma area were made at La-
guna Dam, 5 miles downstream from Imperial Dam.
The Dam was completed in 1909, and it served part of
the Yuma area until 1954. It has no present diversion
functions, but it may help to prevent excessive stream-
bed scour from uncontrolled local floods, and it affords
limited capacity for reregulation of flows passing Im-
perial Dam.

Morelos Daom and Alamo Canal—Morelos Dam,
Ariz.-Baja California, 1.1 miles downstream from the
northerly international boundary and 27 miles down-
stream from Imperial Dam, was built by the Mexican
Government in 1950 to control diversions to Alamo
Canal without the use of facilities in the United States.

Prior to 1941 the Alamo Canal (originally known as
Tmperial Canal) supplied both Mexicali Valley in Baja
California and Imperial Valley in California. Diver-
sions from the Colorado River were made at several
locations near the site of Morelos Dam and were con-
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trolled only by headgates. After construction of the
All-American Canal, the Alamo Canal continued to
serve Mexicali Valley, and from 1941 to 1950 water
could be delivered to the Alamo Canal from the All-
American Canal through Pilot Knob wasteway and a
connecting canal that is now plugged.

Return-flow channels—Surplus water and drainage
from irrigated tracts near the Colorado River return
to the river in a large and varying number of surface
channels. Drainage of most tracts is accomplished by
tile drains or open ditches, but the Wellton-Mchawk
area and parts of the Yuma area are drained by pump-
ing ground water. Drainage from the Wellton-Mohawk
area flowed in a lined channel to the Gila River at a
point near its mouth from 1961 until 1965, when the
channel was extended to Morelos Dam. Provision is
made for directing the flow into the Colorado River
either above or below the dam as requested by Mexico.
The surplus water in East Main canal in Yuma Valley
flows across the international boundary and drainage
from the valley is pumped from the main drain into a
canal at the boundary for use in Mexico without return
tothe river.

Proposed developments—The major proposed water-
supply developments related to the lower Colorado
River include (a) high dams for power generation at
Marble Canyon and Bridge Canyon damsites, between
Glen Canyon Dam and Lake Mead; (b) facilities for
diverting an average of 1,200,000 acre-feet per year by
pumping from Lake Havasu into an aqueduct serving
central Arizona; and (c¢) improved efficiency of water
transport and use through such means as deepening and
straightening the river channel, lining canals, eradi-
cating phreatophytes, and utilizing ground-water reser-
voirs that are recharged with Colorado River water.

These items have been proposed independently, but
recently most of them have been incorporated into
several plans to meet the water needs of the lower
Colorado River service area or even larger areas, as
exemplified by plans of the U.S. Bureau of Reclamation
(1964 a—c). In addition to items such as those noted
above, these regional plans generally contemplate ulti-
mate importation of water to make up the deficiency in
the Colorado River supply. The intent of such plans
is to assure a sufficient supply of water from the main
stem of the Colorado River or from new imports to
satisfy an annual consumptive use of at least 7,500,000
acre-feet in Arizona, California, and Nevada and de-
livery of 1,500,000 acre-feet to Mexico.
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LEGAL CONTROLS

The need for specific apportionment of waters of the
Colorado River system was recognized early in the
present century. Under the generally applied doctrine
of prior appropriation, the first beneficial use of un-
appropriated water established a legal right to con-
tinued use. The rapid development of Colorado River
water supplies for certain areas threatened the future
supply for other less rapidly growing areas, which
then sought to establish permanent water rights by
compact, legislation, and court decree. Also, after con-
struction of the All-American Canal, Mexico sought
protection from excessive depletion of the river by di-
versions in the United States.

Interpretation of the law applying to the Colorado
River is highly controversial and is beyond the scope
of this report. Nevertheless, knowledge of some of the
provisions of certain documents is essential to an under-
standing of the water problems because distribution of
the water is subject to such provisions. Brief comments
on four documents are given in the following para-
graphs. The full text of the Colorado River Compact
and the most pertinent parts of the Mexican treaty and
of the U.S. Supreme Court decree of 1964 are included
in “Appendix” for convenient reference.

The Colorado River Compact, 1922.—The distribu-
tion of waters of the Colorado River system between
the Upper and Lower Basins (service areas) is sub-
ject to the provisions of the Colorado River Compact
of 1922 (sometimes called the Sante Fe Compact). The
compact was ratified in 1923 by six of the seven States
involved; it became effective in 1929 by presidential
proclamation, in accordance with a provision of the
Boulder Canyon Project Act, and it was ratified by the
seventh State, Arizona, in 1944.

The compact apportions water from the Colorado
River system to the Upper Basin and the Lower Basin
and also provides for the satisfaction of any water rights
of Mexico that “the United States of America shall
hereafter recognize * * *”. Among the provisions most
pertinent to the lower Colorado River is that of Arti-
cle ITI paragraph (d) : “The States of the Upper Divi-
sion will not cause the flow of the river at Lee Ferry
to be depleted below an aggregate of 75,000,000 acre-
feet for any period of ten consecutive years reckoned
in continuing progressive series beginning with the
first day of October next succeeding the ratification of
this compact.” Other provisions applying to release
of additional water from the Upper Basin have been
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interpreted in different ways and, hence, cannot be re-
liable guides to the flow of the lower river until some of
the disputed issues have been settled.

Boulder Canyon Project Act, 1928.—In the Boulder
Canyon Project Act, the Congress of the United States
authorized several actions including the following: (a)
Approval of the Colorado River Compact with ratifi-
cation by only six of the seven States involved, (b) con-
struction and operation of a dam (Hoover Dam) in
Black or Boulder Canyon for the storage of water and
of a main canal and appurtenant structures (All-Amer-
ican Canal and Imperial Dam) to deliver water to Im-
perial and Coachella valleys, (c) contracts between the
Secretary of the Interior and water and power users for
the storage and delivery of water, the generation and
delivery of power, and the collection of revenues to re-
imburse the United States for costs incurred, and (d)
an agreement among Arizona, California, and Nevada
for a specified apportionment of Colorado River water.
No agreement was concluded, but the specified appor-
tionment was confirmed by the U.S. Supreme Court
in1964.

Rio Grande, Colorado, and Tijuana Treaty, 1944 —
The distribution of waters of the Colorado River be-
tween the United States and Mexico is subject to pro-
visions of the Rio Grande, Colorado, and Tijuana
Treaty, signed in 1944 and ratified by both countries in
1945. The treaty allots to Mexico, “A guaranteed an-
nual quantity of 1,500,000 acre-feet” and, when surplus
water is available, “additional waters of the Colorado
River system to provide a total quantity not to exceed
1,700,000 acre-feet * * * a year.” Also, it requires that
delivery of the water allotted to Mexico be made in ac-
cordance with schedules prepared by the Mexican Sec-
tion of the International Boundary and Water Commis-
sion subject to limitations specified in the treaty.

Decree of the U.S. Supreme Court, 1964, Re : Arizona
». California, Colorado River.—The distribution of wa-
ter from the main stem of the Colorado River below
compact point among the States of Arizona, Califor-
nia, and Nevada is subject to provisions of the U.S.
Supreme Court Decree of 1964.

The decree provides, “If sufficient mainstream water
is available for release * * * to satisfy 7,500,000 acre-
feet of annual consumptive use in the aforesaid three
states, then of such 7,500,000 acre-feet of consumptive
use, there shall be apportioned 2,800,000 acre-feet for use
in Arizona, 4,400,000 acre-feet for use in California, and
300,000 acre-feet for use in Nevada.”

If surplus water is available, 50 percent of the sur-
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plus is apportioned to California and 50 percent to
Arizona, except that Nevada may contract for addi-
tional deliveries of up to 4 percent of the surplus, and
then Arizona’s share of the surplus will be reduced to
46 percent.

If less than 7,500,000 acre-feet of water from the
main stem of Colorado River is available for apportion-
ment among the three States, “the Secretary of the In-
terior, after providing for satisfaction of present per-
fected rights in the order of their priority dates with-
out regard to state lines * * * may apportion the amount
remaining * * * in such a manner as is consistent with the
Boulder Canyon Project Act * * * and with other ap-
plicable federal statutes, but in no event shall more than
4,400,000 acre-feet be apportioned for use in California.”

STUDIES OF THE WATER SUPPLY

Studies of the water supply in the lower Colorado
River logically begin with the record of streamflow at
compact point, nears Lees Ferry, Ariz., for the following
reasons: (a) Most of the water that reaches the lower
river is runoff from mountainous areas above compact
point; (b) since the closure of Glen Canyon Dam in
1963, the flow below the dam has been subject to regula-
tion in accordance with provisions of the Colorado
River Compact; (c) the most effective guide to future
streamflow characteristics is obtained by separating the
effects of man’s activities from those of natural phenom-
ena, and this separation can be achieved more accurately
and more readily at compact point than at points below
Lake Mead, especially for the period prior to 1963; and
(d) the streamflow record (including estimates) for
compact point is one of the longest in the Colorado River
basin and has been the subject of many previous studies.

The analysis of streamflow at compact point is based
on water years ending September 30. Water years are
commonly used because in most parts of the United
States September 30 is near the end of the growing sea-
son and is usually near the time of minimum storage of
moisture in various forms.

Below compact point, increases in storage, which are
chiefly a result of inflow from the upper river, generally
begin in late spring instead of October. Below Davis
Dam, the growing season is practically continuous, and
the minimum water demand is near the end of the
calendar year. Also, most water users maintain operat-
ing records by calendar years rather than water years.
Consequently, the calendar year was used for analyses of
all records below compact point and for comparisons
involving such flows and those at compact point.
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Streamflow in the lower Colorado River is modified
so much by storage reservoirs that annual flows and
average flows for periods of several years are the most
significant units in a water-supply study. Although
short-term flood flows of local origin may cause damage
in the report area, data concerning such floods are too
meager for effective analysis.

All streamflow records used in the following analyses
are from U.S. Geological Survey water-supply papers
except as otherwise noted.

COLORADO RIVER AT COMPACT POINT, NEAR
LEES FERRY, ARIZ.

The streamflow at compact point depends on the vir-
gin (natural) flow, the depletion of that flow by activi-
ties of man, reservoir storage, and the provisions of the
Colorado River Compact. This report summarizes data
on the actual flows, estimated depletions, and the virgin
flows computed as the sum of actual flows and deple-
tions. Analysis of the virgin-flow data provides esti-
mates of the probable magnitude of future virgin flows,
but the distribution of such flows can be determined only
for assumed conditions regarding depletions and opera-
tion of reservoirs and for assumed interpretations of
the compact.

ACTUAL FLOW, 1898-1966

Annual flows of the Colorado River at compact point
since 1923 have been computed as the sum of flows meas-
ured at stream-gaging stations on the Colorado River
and the Paria River above their confluence. Because
the streamflow record for Colorado River began in 1921,
it was necessary to estimate only the relatively small
flow in the Paria River for 1921-22 to complete the rec-
ord at compact point since 1921.

The Engineering Advisory Committee to the Upper
Colorado River Basin Compact Commission estimated
annual flows at compact point for 1914-20 on the basis
of records of flow at other points on the Colorado River
and its major tributaries; the U.S. Bureau of Reclama-
tion (1954) used these estimates and made similar esti-
mates for 1896-1913 for studies of the water supply. The
estimated flows, particularly those for the earliest
years, are necessarily less reliable than the computed
flows for the years since 1921, nevertheless, they are of
sufficient reliability to assist in defining long-term
streamflow characteristics at this key point on the Col-
orado River.

The variations in actual flow reflect variations in both
virgin flow and depletion as described in the following
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sections. Annual streamflow data are listed in “Ap-
pendix” (table 6) and are summarized in table 1.

TaBLE 1.—Summary of annual streamflow, in millions of acre-feet,
at compact point, near Lees Ferry, Ariz., 1896-1966

[Regulated actual flow after 1962 excluded]

Streamflow Water years Actual Virgin
flow flow
Minimum annual______________ 1934 4. 397 5. 64
Maximum annual_.____________ 1907 22.00 ..._____
1917 ________ 24.0
Minimum 5-year mean_ ________ 1931-35 9. 146 10. 7
Maximum 5-year mean_________ 1905-09 17.69 ________
1917-21 ______.. 19. 4
Minimum 10-year mean________ 1931-40 10. 15 1. 8
Maximum 10-year mean__._.____._ 1914-23  16. 86 18. 8
Minimum 30-year mean________ 1931-60 11.28 113. 2
193463 ________ 13. 1
Maximum 30-year mean________ 1903-32 15. 63 17. 3
34-year average___.____________ 1931-64 ________ 12. 9
67-year average. . _ - .. ________ 1896-1962 13. 39 15.1
71-year average_ _ _ .. ________.__ 1896-1966 ________ 14.9

1 Minimum to 1962, corresponding to minimum actual flow for the same period.
MAN-CAUSED DEPLETION ABOVE COMPACT POINT

Natural processes and the activities of man both
cause depletion of streamflow in arid regions. As con-
sumptive use is involved in the terms of the Colorado
River Compact, knowledge regarding the man-caused
depletion of the natural water supply in the upper Col-
orado River system is essential for equitable division of
the water supply between the Upper and Lower Basins.

The principal components of the man-caused deple-
tion are (a) evapotranspiration resulting from irriga-
tion or other uses within the drainage basin, (b)
diversions to areas outside the basin, and (c) evapora-
tion from reservoirs. Such depletions began before the
first streamflow records. The irrigated acreage within
the drainage basin increased from 310,000 in 1896 to
1,020,000 in 1910 to 1,425,000 in 1960. Water exports in-
creased from relatively insignificant amounts prior to
1905 to more than 500,000 acre-feet in 1960. Evaporation
from reservoirs was relatively small prior to 1962, when
the reservoir storage was less than 2 million acre-feet.
All these depletions are increasing, and evaporation is
a much more significant item since the partial filling of
Lake Powell and other major reservoirs.

The Engineering Advisory Committee to the Upper
Colorado River Basin Compact Commission used the
available hydrologic data to estimate the depletion dur-
ing the 32-year period 1914-45. The U.S. Bureau of
Reclamation (1954, p. 145) used the committee’s data
to derive a series of annual depletions for the same
period and used similar data to estimate annual deple-
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tions from 1896 to 1913. The Bureau of Reclamation and
the Upper Colorado River Commission (successor to
the Compact Commission) made similar estimates for
later years. Some investigators have used estimates
slightly different from those described, but the differ-
ences generally are insignificant. Although such esti-
mates have been used for many years, no estimates have
been accepted by the Upper Colorado River Commission
as official.

Figure 5 shows the estimated depletion in selected
years plotted against the corresponding virgin flow.
It shows a progressive but irregular increase of deple-
tion with time and a variation of depletion with virgin
flow. The lines in figure 5 should be considered as illus-
trative and approximate rather than definitive. As
downward extensions of the lines indicate depletion ex-
ceeds the supply at very low flows, such extensions can-
not be valid.

/
3 T T T

ANNUAL DEPLETION, IN MILLIONS OF ACRE-FEET

1896

0 ] 1 1
5 10 15 20 25

ANNUAL VIRGIN FLOW, IN MILLIONS OF ACRE-FEET

Ficure 5.—App1:oximate relations of annual depletion of streamflow
to annual. virgin flow at compact point, 1896-1962. Points for many
y&eal(;s) omitted to avoid congestion. Adapted from Yevdjevich (1961,

g. 6).
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The depletions increased rapidly for a few years after
1968 because of the increased evaporation from reser-
voirs, and they may increase gradually for an indefinite
period because of increasing water use. Future deple-
tions probably will not correlate as closely with virgin
flows as in the past because evaporation will depend
primarily on the aggregate storage rather than on the
current virgin flow. The increase in depletions may be
limited by such factors as a short growing season, rela-
tively small acreage of arable land within the drainage
basin, and the high cost of diverting water to areas out-
side the drainage basin. If the increase is not limited by
such factors, it will be limited by provisions of the
Colorado River Compact for release of water to the
lower river.

It is obviously not possible to predict precisely the
rate at which depletions above compact point will in-
crease, nor the date when they will reach the limit
imposed by the compact, but the following estimates by
the U.S. Bureau of Reclamation (1965, p. 236) are illus-
trative of present forecasts:

Estimated depletion,

Year in acre-feet
1975 ____ 4, 220, 000
1990 - 5, 100, 000
2000 —-.._ - 5, 430, 000
2030 -- - 5, 800, 000

VIRGIN FLOW, 1896-1986

The U.S. Bureau of Reclamation and the Upper Colo-
rado River Commission have computed the virgin flow*
of the Colorado River at compact point by adding the
previously described depletions to the measured or esti-
mated streamflow for the period 1896-1966. Prior to
1963, the effects of storage above compact point were
relatively small, the average depletion was less than
18 percent of the actual flow, and annual depletions
seldom exceeded 20 percent of the actual flow. Conse-
quently, the computed virgin flows are only slightly less
reliable than the corresponding figures of actual flow. As
future depletions increase, the need for accurate deter-
mination of depletions will increase. ‘

Both actual and virgin annual flows are shown
graphically in figure 6; they are listed in “Appendix”
(table 6) and are summarized in table 1. One of the
most notable characteristics of this record is that mean
annual flows for periods of about 30 years (1903-32 and
1931-64) differ by as much as 4,400,000 acre-feet, or 30
percent of the 71-year mean flow.

As the amount of water in storage at any time
depends on the flow during preceding years, progres-

1 Although the Commission has used these figures, it has not accepted
any figures of virgin flow as official.
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F1eurr 6.—Annual flow of the Colorado River at compact point, 1896-1966. A new regime for the actual flow began with the closure of Glen Canyon
Dam in 1963.

sive averages of annual flows for periods of 5 or 10
years are useful indicators of water-supply conditions.
The 10-year average is particularly important at com-
pact point because of the provision in the Colorado
River Compact referring to the aggregate flow in any
10-year period. Figure 7 shows the progressive 10-year
average, and also the progressive change in the average
for the period of record beginning in 1896.

PROBABLE FUTURE VIRGIN FLOW

The principal objective of computing virgin flows
at compact point is information regarding future flow,
which is required for most effective planning and opera-
tion of the river-control system. Reliable forecasts, the
most useful type of information, have been limited to
periods of a year or less and have required current data
such as the water content of the snowpack in early
spring. In the absence of long-term forecasts, the most
useful information concerns the probable magnitudes
of future multiyear means of the virgin flow.

Conventional methods of probability analysis are
readily applicable to the annual virgin flows of the
Colorado River. The cumulative frequency plot in fig-

ure 8 indicates only moderate scatter about the straight
line representing the normal distribution; hence, the
assumption that annual flows are normally distributed
about the mean is well supported. The only other
assumption involved in the application of statistical
principles to annual flows concerns the true long-term
mean. In probability theory this true mean is the mean
for a period of infinite length. In hydrologic studies,
however, the true mean generally is assumed to be the
mean for a period of only a few centuries which does
not reflect the major changes of climate and runoff that
have occurred during periods of thousands of years.
Statistical analysis of multiyear means involves
greater uncertaintly because annual flows fail to fulfill
one criterion of a normal distribution (that each item
is independent) when they are arranged in chronologi-
cal order rather than order of magnitude as in figure 8.
The record of virgin flows at compact point exhibits
a tendency for high flows to persist during some periods
and for low flows to persist during others. Some arrays
of random numbers exhibit the same tendency, however,
and a persistence effect is not considered real unless
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FIGURE 7.—Progressive averages of annual virgin flow at compact point.

the tendency for such grouping is greater in the annual
virgin flows than is expected in a random array. Hence,
evaluation of a persistence effect must be made as a prob-
ability rather than a certainty.

A persistence effect in virgin flows may be a natural
result of similar persistence in annual or winter totals
of precipitation in the upper Colorado River basin.
Moreover, the lag between precipitation and runoff
resulting from the natural storage capacity of the
drainage basin would cause persistence in virgin flows
even though the distribution of precipitation were ran-
dom. Multiyear means of flows that are affected by per-
sistence are more variable than corresponding unaf-
fected means. The hydrologic literature exhibits a wide
range of opinion on the nature and magnitude of per-
sistence in both precipitation and runoff, and available’
records are not long enough to assure the validity of any
particular assumption. Because of these uncertainties,
probability statements derived from multiyear means
of virgin flow should be considered useful approxima-
tions rather than the equivalent of conventional proba-
bility statements.

Leopold (1959) presented a semiempirical probabil-
ity analysis in which he computed the variability of
multiyear means from records for many streams in the
United States and Europe. His study indicates that
multiyear means of virgin flow of Colorado River at
compact point are much more variable than similar
means for a random array. The results are not con-
clusive, however, because of the small number of inde-
pendent multiyear means in each record (for example,
there are only three independent 20-year means in the
61-year record he used for compact point).

Additional information was gained from an intensive
statistical study of precipitation and runoff in the
upper Colorado River basin (Brittan, 1961; Julian,
1961; Yevdjevich, 1961). Julian concluded that winter
precipitation totals probably exhibit no persistence
effect. Yevdjevich concluded that the persistence effect
in annual streamflow data for 14 small drainage basins
in or near the upper Colorado River basin is relatively
small. He concluded also that the water in natural stor-
age at the end of a year would significantly influence
the flow in only one succeeding year.
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PROBABILITY, IN PERCENT, OF ANNUAL FLOW GREATER THAN INDICATED
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PROBABILITY, IN PERCENT, OF ANNUAL FLOW LESS THAN INDICATED

Ficure 8.—Cumulative frequency diagram of annual virgin flow at compact point, 1896-1964. The dots represent annual
flows ; the straight line represents the normal distribution of items with the same mean and standard deviation as those

computed from the annual flows.

On the basis of these and perhaps other similar
studies, several investigators have assumed that the
virgin flows can be represented by a mathematical model
implying that a particular annual flow equals a random
component plus the preceding annual flow multiplied
by the first-order serial correlation coefficient. If the as-
sumed model is a valid representation of the annual
flows, this coefficient is a measure of the persistence

effect. Unfortunately, however, the first-order serial-
correlation coefficient computed from available stream-
flow records is a very imprecise estimate of the true
(long-term) coefficient. Using calculated or estimated
coefficients, Julian (1961), Brittan (1961), and others
have found that such autoregressive or Markov models
produce fair representations of annual streamflow
sequences.
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N. C. Matalas (written commun. 1965) of the Geo-
logical Survey used a Markov model with a coefficient
of 0.20 (pratically the same as his calculated value,
0.206) to make a probability analysis of the virgin flows
at compact point for 1896-1964. With this coefficient he
calculated that the 69 serially-correlated flows were
equivalent to only 44 uncorrelated (independent) items
in defining confidence limits for the mean. Table 2
shows the resulting confidence limits for multiyear
means at various levels of probability. Limits for 30-
year means were computed by the author in the same
manner as Matalas computed other limits. The table
indicates an 80-percent chance, for example, that a fu-
ture 20-year mean will be greater than 13,200,000 acre-
feet and less than 16,500,000 acre-feet.

TaBLE 2.— Confidence limits for mulliyear means of virgin flow
at compact point

Confidence
Length of period Probability, limits, in
in percent millions of
acre-feet
10years_ ____ __ . _ . __________.___._ 80 12.0 -17. 8
95 9. 82-19. 9
99 6. 95-22. 8
20years. . ____ o _____ 80 13.2 -16. 5
95 12.2 -17. 5
99 11.1 -18. 6
30years_ _______________ . _____ 80 13. 5 -16. 3
95 12.7 -17. 1
99 11.9 -17.9
Longterm_________________________ 80 14.0 -15. 8
95 13.5 -16. 2
99 13.1 -16. 7

PROBABLE FUTURE REGULATED WATER SUFPLY

Since 1963 the water supply, represented by the pre-
viously described virgin flows at compact point, has been
modified by the effects of storage in major reservoirs.
A total capacity of 25 million acre-feet—of which 20
million are in Lake Powell and the remainder in other
reservoirs upstream—is considered available for long-
term regulation of the river at compact point (Mosk,
1959).

The potential effects of such storage are conveniently
illustrated by comparing cumulative virgin flows with
cumulative draft from that flow (the sum of all man-
caused depletions plus the release to the lower river).
As such accumulations tend to be very large, more con-
venient results for graphical analysis are obtained by
cumulating the departure from a convenient value near
the mean.

The irregular graph in figure 9 represents the cumula-
tive departure from 15 million acre-feet of annual virgin
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flows for the period October 1, 1895, to September 30,
1966. The upward trend for 1903-29 indicates annual
flows generally exceeding 15 million acre-feet and the
downward trend after 1930 indicates flows less than that
amount.

Figure 9 demonstrates that during the period 1903-
29 the flow in excess of 15 million acre-feet per year was
more than sufficient to fill all presently existing reser-
voirs in the Colorado River System above Davis Dam.
With a hypothetical annual withdrawal of 15 million
acre-feet (including reservoir evaporation), the surplus
would have reached 60 million acre-feet by the end of
1922 and 74 million acre-feet by 1929. Following 1929,
flows have been predominately below normal; the aver-
age for the 34-year period 193164 was 12,900,000 acre-
feet. Assuming that the effective storage capacity of 25
million acre-feet above compact point was full in 1930,
a uniform annual draft of 13,700,000 acre-feet (as
shown by the inclined line in fig. 9) theoretically could
have been maintained during the period 1930-66. The
reservoirs would have been full in 1952 and empty in
1964.

Although techniques similar to those illustrated by
figure 9 have long been standard for analysis of storage
requirements or effects, the validity of the results
depends on the sequential occurrence of historical flows.
Failure to include an estimate of the probability of
future deficiencies is a critical weakness. To obtain more
meaningful evaluations, increasing attention is being
given to application of probability theory to storage
analyses. Such applications are hampered by the pre-
viously described uncertainty regarding effects of per-
sistence in the annual flows—an uncertainty that lessens,
but does not destroy, the usefulness of the results.

In a general study of reservoir storage, Hardison
(1966) developed some draft-storage relations that are
applicable to the Colorado River near Lakes Powell
and Mead. Starting with the assumption of independ-
ent (uncorrelated) annual flows, he developed general
relations of uniform annual draft to storage capacity
and streamflow variability for each of several prob-
abilities of deficiency and for each of three distributions
that commonly apply to annual flows (fig. 10). Each
of the three variables in these relations is expressed
as a dimensionless ratio—draft and storage as ratios
to the mean annual flow, and variability as an index
that differs with the type of distribution. The storage
capacity considered here is the carryover capacity re-
quired to smooth out annual fluctuations; it does not
include storage required to smooth out seasonal
fluctuations.
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FIiGURE 9.—Qraphicﬂ storage analysis of the virgin flow of the Colorado River at compact point, 1895-1966. The irregular graph represents the
cumulative departure of annual virgin flows from 15 million acre-feet. The inclined line represents a uniform annual draft of 18,700,000 acre-

feet.

MEAN ANNUAL RUNOFF
N w

RATIO OF STORAGE CAPACITY TO
—

0.1 0.2 0.3 0.4
COEFFICIENT OF VARIATION OF ANNUAL FLOWS

To apply these dimensionless relations to the Colo-
rado River it is necessary to select relations for the
proper distribution, which was shown to be normal
(fig. 8), and a proper index of variability. For normal
distributions this index is the coefficient of variation
(ratio of the standard deviation to the mean). In his
probability analysis of virgin flows, N. C. Matalas used
14,878,000 acre-feet for the mean and 4,405,000 acre-
feet for the standard deviation; the corresponding co-
efficient of variation is 0.30. For this coefficient and a

Ficure 10.—Dimensionless draft-storage-variability relations. The
family of curves represents uniform annual draft, in percent of
mean annual runoff; carryover storage capacity is indicated as a
ratio to mean annual runoff ; and streamflow variability is represented
by the coefficient of variation of annual flows., This diagram is for a
2-percent chance of deficiency and for normally distributed, inde-
pendent annual flows. Similar diagrams apply for other chances of
deficiency and other distributions. (After Hardison, 1966.)
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specific level of probability, the relation curves show
unique values of draft and storage ratios. Conversion of
these ratios to annual amounts of draft and storage pro-
vided the data to define the solid curves in figure 11,
which therefore would represent the relations of uni-
form annual draft to carry-over storage capacity appli-
cable to the virgin flow of Colorado River if the annual
flows were independent.
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F1cURE 11.—Relations of uniform annual draft to carry-over storage
capacity for virgin flow of the Colorado River near compact point.
The solid curves represent relations for independent annual flows
and for 10-, 5-, and 2-percent chance of deficiency (derived from
Hardison’s dimensionless ratios). The dashed curves represent ap-
proximate relations with streamflow persistence (draft from solid
curves reduced by 6 percent of mean annual flow). The vertical lines
represent the active storage capacity of Lake Powell and the com-
bined capacity of Lakes Powell and Mead.

Hardison also studied the effect of serial correlation
of annual flows, which he considered to be a measure
of the persistence effect. He concluded that, for the
flow at 180 stream-gaging stations in the United States
with an average serial-correlation coefficient of 0.17, the
serial correlation would reduce the draft correspond-
ing to a specific storage capacity by about 5 percent
of the mean annual flow. If this conclusion is valid,
the reduction corresponding to the serial-correlation
coefficient of 0.20, used by Matalas in the analysis
of virgin flows, is about 6 percent.? Thus, the dashed
curves in figure 11, representing approximate relations
with persistence effect, were derived by lowering the
solid curves 893,000 acre-feet.

Figure 11 illustrates the well-known principle that
as storage capacity available for regulation of flow at
a particular point increases each succeeding increment

21In a general appraisal of storage requirements in the United States
(Léf and Hardison, 1966), Hardison used a reduction of 3 percent
rather than the 6 percent used herein or the 5 percent he considered
to be the average. The same correction was applied for all streams and
the lower value was selected to avoid overcorrection where the per-
sistence effect is small.

821-230 0—69——4
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of storage is accompanied by a smaller increment of
the allowable draft. This is true even when evaporation
from reservoirs is included in the draft, as in figure
11. The corresponding increments of usable draft (with-
drawals in surface channels or pipes) decrease even
more rapidly because evaporation losses tend to in-
crease with increasing capacity.

The capacity available for carryover storage is some-
what less than the 25 million acre-feet used in figure 9
because of the requirements for seasonal storage. Hardi-
son’s data (Lof and Hardison, 1966, table 7) indicate
that the seasonal requirement for 2-percent chance of
deficiency is less than 5 million acre-feet, which is less
than the capacity of reservoirs above Lake Powell. As-
suming the active capacity of Lake Powell (20,900,000
acre-ft) is available for carryover storage, figure 11
suggests that the regulated water supply from the upper
Colorado River basin seldom will be less than 13 million
acre-feet and will exceed 14 milion acre-feet most of
the time.

As previously described, the distribution of this reg-
ulated water supply from the upper Colorado River
system (which should not be confused with that from
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